Human pituitary tumour-transforming gene 1 or hPTTG1 is a proto-oncogene that codes for securin, a protein involved in sister chromatid separation. Based on previous microarray data, we studied the expression of hPTTG1/securin in melanocytic lesions. In contrast to nevi and radial growth phase melanomas, securin was expressed by scattered cells in the vertical growth phase, suggesting a role in tumour progression. In a series of 29 nodular and 29 superficial spreading melanomas, matched for all histological prognostic parameters, securin expression was significantly correlated with the nodular subtype (P ¼ 0.018) and not related to thickness. In other cancers, hPTTG1 is involved in various oncogenic pathways, including induction of neovascularisation and aneuploidy, and inhibition of p53 activity. We found coexpression of securin with wildtype p53 in the same neoplastic cells in a minority of melanomas. Expression of securin was significantly correlated with the extent of aneuploidy but not with basic fibroblast growth factor immunoreactivity or microvessel density. DNA cytometry revealed that nuclei-overexpressing securin frequently showed tetraploidy or aneuploidy. Our data show that hPTTG1 is frequently overexpressed in nodular melanoma, and suggest that hPTTG1 may act as an oncogene in the vertical growth phase, either by inhibiting anaphase, thereby causing aneuploidy and genomic instability, or by modulating the function of p53, thereby impairing apoptosis.
Pituitary tumour-transforming gene (PTTG) was originally cloned from a rat pituitary tumour 1 and the function of the human homologue hPTTG1 (human pituitary tumour-transforming gene 1) was subsequently elucidated in foetal liver and testis. 2, 3 hPTTG1 is a proto-oncogene encoding for securin, a protein involved in several metabolic reactions, cellcycle progression, appropriate cell division and chromosome stability; upon overexpression, securin is involved in malignant transformation and tumorigenesis. 4 In normal tissues, securin expression is limited, in contrast to many human tumours, including pituitary adenomas, 5 lung and breast cancer, 5-7 colorectal cancer, 8 oesophageal cancer 9 and some lymphoid neoplasms. 10 The oncogenic mechanisms of hPTTG1 are still barely known, but there is accumulating evidence that the oncoprotein activity of securin is exerted at different levels, that is, by induction of angiogenesis through basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF), 11 by prevention of separation of sister chromatids resulting in aneuploidy, 12 by activation of c-myc 13 and/or by specific interaction with p53, thereby blocking its transcriptional activity and inhibiting the ability of p53 to induce cell death. 14 In accordance with its oncogenic activities, hPTTG1 expression has been shown to have prognostic value. In tumours of the thyroid, securin is a prognostic marker for recurrence, 15 and in breast cancer, the extent of securin expression is associated with the presence of metastatic spread and lymph node invasion. 6, 16 In cancer of the oesophagus and colorectum, high levels of hPTTG1 expression correlate with tumour invasiveness. 9 Recently, hPTTG1 has been identified as a key signature gene, with high expression predicting metastases in multiple tumour types. 17 In a recent microarray study of primary malignant melanoma, 18 we found hPTTG1 to be listed among the genes that were significantly negatively correlated with outcome since patients showing overexpression of hPTTG1 had shortened distant metastasis-free survival (DMFS) at 4 years. This prompted us to investigate in detail the expression of securin in primary malignant melanoma, and to study the various pathways by which securin may function as an oncoprotein in melanoma. Our results show that securin is particularly overexpressed in the nodular subtype of malignant melanoma and that aneuploidy as well as interference with p53 appears to be the main oncogenic mechanisms.
Materials and methods

Immunohistochemistry
To study the pattern of securin expression in pigment cell lesions, we used tissue microarrays, comprising a total of 570 cores of 50 mm width, taken from representative areas in 54 melanomas, 11 metastases and 14 nevi (with a mean of 7.1 cores per lesion). From the primary melanomas, only the vertical growth phase was sampled. The pertinent clinical and histological data are listed in Table 1 . As the analysis of the oligonucleotide arrays suggested that overexpression of hPTTG1/securin occurred predominantly in the nodular subtype of melanoma, we studied securin expression in the vertical growth phase of 29 pairs of superficial spreading melanoma and nodular melanoma, matched for thickness, ulceration, number of mitotic figures, type of host response by tumour-infiltrating lymphocytes (ie brisk, nonbrisk or absent) and regression. In these 58 melanomas, all histological prognostic variables were assessed according to standard criteria. To assess the tumour progression phase in which securin immunoreactivity occurred, 10 additional cases of in situ malignant melanoma were also studied.
In all cases, endogenous peroxidase was inactivated, and heat-induced epitope retrieval was performed in Tris-ethylenediaminetetraacetic acid, pH 9.0. Since preliminary experiments on normal human testis showed that a mixture of mouse monoclonal and rabbit polyclonal anti-securin antibodies yielded better immunohistochemical results than either antibody alone (data not shown), all stainings were performed using a 1:1 mixture of mouse monoclonal (clone DCS-280.2; Novocastra Labs. Ltd, Newcastle-upon-Tyne, UK) and rabbit polyclonal (antibody Z23.YU; InVitrogen, Carlsbad, CA, USA) anti-securin antibodies, both diluted 1:100 in phosphate-buffered saline. The second step consisted of a mixture of anti-mouse and anti-rabbit immunoglobulins, labelled with peroxidase-conjugated dextran polymers (Envisiont, Dakocytomation, Haasrode, Belgium) and enzyme activity was detected using 3-amino-9-ethylcarbazole as substrate, revealing a brightly red reaction product that contrasted well with the brown melanin. The numbers of securin-positive melanoma cells in the tissue microarrays as well as in the 29 matched pairs of melanomas were counted in a maximum of five high power fields (HPF) in the areas of the vertical growth phase with the most abundant immunoreactivity.
Semiserial sections of 44 out of 58 melanomas were immunohistochemically stained for beta-catenin (clone 14; BD Transduction Labs., Franklin Lakes, NJ, USA), bFGF (polyclonal rabbit antibody sc79; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and p53 (clone DO-7; Dakocytomation). To study the coexpression of securin and p53, a sequential double staining was performed in 10 cases with large numbers of securin-expressing cells using peroxidase-conjugated and alkaline phosphatase-conjugated Envisiont reagents in the first and second staining; substrates for enzyme activity were amino-ethylcarbazole and BCIP, respectively, yielding contrasting red and blue reaction products. Immunohistochemical controls, which were consistently negative, consisted of omission of primary antibody and use of chromogen alone; in the double staining experiments, dye swapping was carried out by a reversal of the sequence of primary antibodies.
To assess the relationship between securin expression and angiogenesis, serial sections of the tissue microarrays were stained for securin and for CD31 (clone JC7OA; Dakocytomation) in order to label microvessels. Then, the total number of securin-immunoreactive cells as well as the microvessel density was assessed over the whole surface of each core according to the standard criteria. 19 To study the relationship between securin expression and aneuploidy, the number of immunoreactive melanoma cells was counted in the vertical growth phase of 27 melanocytic tumours (seven primary melanomas, 20 metastases) that had been karyotyped previously.
DNA Cytometry
To study the relationship between securin expression and DNA ploidy, a single 8-mm-thick section of a melanoma that had an abnormal karyotype was stained for securin using the alkaline phosphataseconjugated Envisiont method without counterstaining. This slide was then stained by the Feulgen hPTTG/securin in melanoma V Winnepenninckx et al method. Briefly, the slide was placed in 5 N HCl at 271C for 30 min, washed 3 Â 1-5 min in distilled water, stained with fresh Schiff reagent for 45 min, washed in running tap water for 15 min and washed for 1 min in aqua dest. From the same melanoma sample, three 50-mm-thick sections were cut and processed for standard DNA flow cytometry as well as DNA image cytometry. For the last method, a cytospin specimen was prepared and stained by the Feulgen method as described above. . To obtain measurements for at least 300 nuclei as previously set, 20 24 fields of vision were imaged. The image stacks were analysed off-line using software developed at the Dept. Pathology, Free University of Amsterdam, Amsterdam, The Netherlands. 21 The DNA content of all individual nuclei was depicted in a DNA histogram (50 bins, scaling to 10c). The coefficient of variation of the diploid peak in a histogram was obtained with the MultiCycle software program (Phoenix Flow Systems, San Diego, CA, USA). It finds the best fit of several curves through the data points, including the Gaussian G0/1 and G2/M phase components. The coefficient of variation is based upon this mathematical model of the DNA content distribution.
Mutational Analysis of TP53
Twenty 10-mm-thick paraffin sections from 34 out of the 44 melanomas, in which p53 expression was analysed immunohistochemically, were used for DNA extraction. After deparaffination, genomic DNA was extracted using the QIAamp DNA Mini kit, according to the manufacturer's recommendations (Qiagen Benelux, Venlo, The Netherlands). For amplification of TP53 exon 7, the primer sets p53ex7s (AAGGCGCACTGGCCTCATCTTGG) and p53ex7as (AGGGGTCAGCGGCAAGCAGAGG) were used, and for TP53 exon 8, the primer sets p53ex8s (ACAAGGGTGGTTGGAGTAGATGG) and p53ex8as (ACAAAGAGGCAAGGAAAGGTGATGG) were used. The PCR reactions were performed under the following conditions (FastStart High Fidelity PCR System, Roche): one denaturation step for 2 min at 951C, 45 cycles melting at 941C for 1 min, annealing at 661C for the TP53 exon 7 and at 611C for the TP53 exon 8 for 30 s and extension at 721C for 2 min followed by a final elongation step for 10 min at 721C (GeneAmp PCR System 2700, Applied Biosystems). ExoSapIt (GE Healthcare -Bio-Sciences) was added to the PCR reactions and incubated for 15 min at 371C to digest the remaining primers. The reaction was stopped by incubation for 15 min at 801C. The amplicons were forward and reverse sequenced using a cycle sequencing kit (Amersham Biosciences, DYEnamict dye terminator kit) with the primers p53ex7s and p53ex7as for TP53 exon 7 and the primers p53ex8s and p53ex8as for TP53 exon 8. The sequencing reactions were desalted, denatured and run on an automated capillary DNA sequencing system (Amersham Biosciences, MegaBACE 500). The sequencing results were computer assembled and compared to the DNA sequence (Informax, VectorNTI) from the Homo sapiens p53 gene (ID HSP53G, AC X54156).
Statistical Methods
These included paired and unpaired t-tests; R 2 -values were computed for linear regression analyses. All P-values were two-sided and a significance level of 0.05 was applied.
Results
Expression of hPTTG1 in Pigment Cell Lesions
Out of 54 evaluable primary melanomas in the tissue microarrays, 47 (87%) contained neoplastic cells that expressed nuclear and/or cytoplasmic securin. In 26 of these, the number of immunoreactive cells was rather small (ie below 10%), whereas in 8/52 cases, more than 50% of the neoplastic cells expressed securin. In the metastatic melanomas, only one out of 10 cases lacked securin expression; in the remaining metastases, five showed low numbers of immunoreactive cells (ie below 10%), and in three cases, more than 50% of the tumour cells expressed securin. Remarkably, immunoreactivity in both primary and metastatic melanomas occurred in scattered tumour cells and was predominantly found in large, highly atypical melanoma cells with bizarre or multiple nuclei (Figure 1) . In 10 cases of melanoma in situ, rare securinpositive cells were found in two cases. Out of 11 A previous supervised analysis of the differences in gene expression between 49 superficial spreading melanomas and 15 nodular melanomas had revealed that PTTG was the most significantly differentially expressed gene (unpublished results). This was confirmed in the present study by counting the number of immunoreactive cells in the 54 melanomas in the tissue microarray sections, revealing Table 2 Expression of securin and p53 in 29 pairs of nodular (NM) and superficial spreading melanomas (SSM) 
hPTTG1 and Angiogenesis in Melanoma
Ten malignant melanomas stained on semiserial sections for securin and bFGF showed no spatial relationship in immunoreactivity for either antibody. In addition, no correlation was found between the number of CD31-immunoreactive microvessels and the number of securin-expressing cells.
hPTTG1 and Beta-Catenin Expression in Melanoma
Zhou et al 22 detected cytoplasmic accumulation of beta-catenin in oesophageal carcinomas that overexpressed PTTG1 and suggested that overexpression of PTTG1 in these tumours was likely due to the activation of beta-catenin/WNT signalling. However, in 10 melanomas overexpressing securin, the patterns of expression of beta-catenin varied considerably (ie membranous staining in 6/10; nuclear staining in 2/10; nuclear and cytoplasmic staining in 2/10).
hPTTG1 and Aneuploidy in Melanoma
Twenty-seven karyotyped melanomas were used. Based on their karyotype, the 27 lesions could be divided into three groups, that is, a group of six lesions (four primary melanomas, two metastases) with entirely normal karyotype, a group of five cases (one primary and four metastases) with few structural abnormalities and a group of 16 lesions (two primary melanomas, 14 metastases) with highly abnormal karyotype. Comparison of the mean number of securin-expressing melanoma cells in these groups revealed significant differences between the melanomas with normal karyotype, on the one hand, and melanomas with few numerical abnormalities (P ¼ 0.01) or melanomas with highly abnormal karyotype (P ¼ 0.006), on the other (Figure 2 ).
hPTTG1 and 3-D DNA Content
Both DNA flow cytometry and DNA image cytometry of the cytospin specimen showed a DNA tetraploid histogram (percentage of nuclei in G2/M larger than 10%) as shown in Figure 3 . The 3-D DNA content measurements on 24 fields (representing an area of 1.5 mm 2 ) yielded 2076 intact nuclei. In total, 76 nuclei (4% of all nuclei analysed) were securin positive. Since the image analysis software only measures DNA content of single nuclei, the complex multiple nuclei within a single cell as shown in Figure 1 were measured as single nuclei. Since double staining has been performed (securin staining did not interfere with Feulgen fluorescence), all intact nuclei that were clearly positive for securin were labelled as such in the DNA histogram (Figure 4 ). Securin-positive nuclei have DNA contents that partly are in the G0/G1 and G2/M range and partly beyond G2/M. Of the 76 securin-positive cells, 49 (64%) fall outside the G0/G1 or G2/M phase of a normal cell cycle. These cells in the G0/G1 and G2/M range are either DNA aneuploid or belong to the S phase of the normal cell cycle; the nuclei beyond G2/M are aneuploid.
hPTTG1 and p53 in Melanoma
Of the 58 melanomas previously studied for securin expression, 44 cases were stained for p53 and the number of immunoreactive cells was counted in the same way as had been done for securin. In addition, DNA was amplified from 34 melanomas and studied for mutations in codons 7 and 8 of TP53. For all melanomas, the number of neoplastic cells with Figure 2 Box plots of the number of securin-positive cells in melanomas with normal karyotype (0), mild karyotypic abnormalities (1) and severe aneuploidy (2) . The grey box shows the limits of the middle half of the data (the black line inside the box represents the median). Whiskers are drawn to the nearest value not beyond a standard span (1.5 interquantile range) from the quartiles. Extreme points are highlighted by dots. Significant differences were found between groups 0 and 1 (P ¼ 0.01), and between groups 0 and 2 (P ¼ 0.006).
hPTTG/securin in melanoma V Winnepenninckx et al nuclear p53 accumulation correlated well withcells lacked nuclear p53, and the majority of scattered melanoma cells with nuclear accumulation of p53 apparently lacked securin overexpression (Figure 5a ). Dye-swapping experiments showed the same results (Figure 5b) . In four cases however, scattered melanoma cells were found to exhibit a purple colour; computer-assisted elimination of either red or blue colours revealed coexpression of cytoplasmic securin and nuclear p53 in the same melanoma cells (Figure 6 ).
Discussion
Using immunohistochemisty, we have shown that the vast majority of primary cutaneous melanomas show overexpression of securin in scattered neoplastic cells. Since immunoreactivity was rare in the early, radial growth phase in contrast to the vertical growth phase, our data indicate that securin is involved in tumour progression, rather than in the development and early growth of melanoma. Since hPTTG1 is a proto-oncogene by virtue of its transforming capacity and ability to induce tumours in nude mice, 23, 24 our results not only add melanoma to the list of neoplasms in which hPTTG1 overexpression is observed, but also add hPTTG1 to the list of oncogenes that may play a role in progression of melanoma.
As shown by our microarray and immunohistochemical data, overexpression of securin was particularly observed in the nodular subtype of melanoma. Nodular melanomas differ from superficial spreading melanomas in various aspects, for example, relation to sun exposure, anatomical distribution and histological and immunohistochemical features. On morphology, nodular melanomas show an invasive, vertical growth from the beginning in contrast to superficial spreading melanomas that initially spreads in the epidermis in the form of a radial growth phase. On immunohistochemistry, the overexpression of VEGF 25 in nodular melanoma has been inferred to explain the poorer prognosis of this subtype. Genetically, nodular melanomas carry more frequently extra CMYC copies 26 and are characterised by deletions in 1p36 and aberrations of chromosome 10. 27 Finally, nodular melanoma has been claimed to exhibit more prominent aneuploidy. 28 Here, we show that both clinicopathological subtypes of melanoma also differ in the expression of securin. Analysis of our previous oligonucleotide microarray data revealed that hPTTG1 overexpression in the vertical growth phase of malignant melanoma was significantly associated with shortened 4-year DMFS. 18 These data are in line with studies on breast, colorectal and thyroid carcinomas in which overexpression of PTTG is associated with early recurrence, or metastatic spread and thus with a poor prognosis. 8, 15, 16 In normal cells, the securin protein is expressed in a cell-cycle-dependent manner and regulates sister chromatid separation to opposite poles of the cell during anaphase. 4 Following cytoplasmic to nuclear translocation, it peaks in the G2/M phase and subsequently is ubiquitinated and degraded in the proteasome. The process of sister chromatid segregation is tightly regulated and ensures that a complete set of chromosomes is transmitted from one generation to another. It is triggered by a conserved cysteine proteinase called separase, which is responsible for the cleavage of Scc1, which forms the bridge between the sister chromatids. During most of the cell cycle, separase is inactive due to its binding to securin. At the metaphase-toanaphase transition, securin is degraded by a multisubunit protein ligase, the anaphase-promoting complex (APC) or cyclosome (APC/C) that is bound to accessory factors Cdc20 and Cdh1. 4 Overexpression of securin may be caused by several mechanisms. First, genomic aberrations in hPTTG1 (promoter mutations, amplification) have as yet not been detected, or do not play a major role in the enhanced transcription or insufficient degradation of securin. 29 Second, somatic mutations in one or more components of APC have been reported in breast 30 and colon cancer, 31 suggesting that the cause of securin overexpression in these cancers is due to insufficient degradation. Although the predominant cytoplasmic localisation of securin in melanomas as well as in other neoplasms 5 is in agreement with this hypothesis, mutations affecting APC genes (APC3, APC6 and APC8) have not been found in a number of melanoma cell lines (A Puisieux, personal communication, Lyon, France).
Third, securin overexpression may be the result of enhanced transcription due to the activation of several signalling pathways, which are known to promote tumorigenesis in melanoma. In this respect, insulin-like growth factor I may be of possible interest. Chamaon et al 32 showed that insulin-like growth factor I and insulin as well as their downstream effectors, that is, the phosphoinositol-3 kinase and mitogen-activated protein kinase signalling pathways regulate hPTTG1 transcription in both normal and neoplastic human cells. Insulinlike growth factor I is one of the most critical proteins required for the migration and growth of melanoma cells. 33 Its binding protein is upregulated in a dose-dependent manner in melanomas and its expression increases from common nevi to dysplastic nevi and primary and metastatic melanoma, 34 implying a role in the tumour progression of melanoma. 35 Clearly, further studies are necessary to investigate the role of insulin-like hPTTG/securin in melanoma V Winnepenninckx et al growth factor I in the hPTTG1 overexpression in melanoma.
Irrespective of its cause, overexpressed securin is capable of acting as an oncoprotein. Recent molecular studies have suggested different mechanisms by which hPTTG1 overexpression promotes tumorigenesis. By inhibiting chromosome seggregation and thus disruption of mitosis, hPTTG1 has been shown to generate aneuploidy, a ubiquitous feature of human solid tumours that causes genetic instability and also promotes further aneuploidy. 12, 36 Aneuploidy is a common feature of tumours overexpressing PTTG, and in breast cancer, the largest number of securin-positive cells was found in the tumours with the highest degree of pleomorphism. 6, 16 We also found securin expression preferentially in pleomorphic melanoma cells with highly atypical or multiple nuclei. We studied the ploidy status in relation to hPTTG1 overexpression using a series of melanomas that had been karyotyped, and observed a significantly higher number of securinpositive cells in aneuploid cases. Moreover, analysis of the DNA content in securin-positive nuclei in one case showed a substantial number of these to reside within the aneuploid subset, or to show tetraploidy, which has been shown to precede aneuploidy. 37 In addition to aneuploidy, many studies have suggested an important role for hPTTG1 in angiogenesis through the induction of bFGF. 11 Forced overexpression of hPTTG1 in human embryonic kidney cells or NIH3T3 fibroblasts leads to an increased expression of angiogenic factors such as bFGF, VEGF and interleukin 8. 4, 11, 38 These factors may act as effectors for securin-driven angiogenesis since they contain a proline-rich SH3 domain that binds to the C-terminal double PXXP motif of securin, a putative SH3-interacting domain. 39 Ishikawa et al 11 showed that hPTTG1 induces an angiogenic phenotype in both in vitro and in vivo angiogenesis models. Highly vascularised colorectal cancers express high levels of securin, 8 and in breast carcinoma, securin-mediated angiogenesis may contribute to an invasive breast tumour phenotype. 6 We could not confirm these results as we did not find a correlation between securin expression, on the one hand, and bFGF immunoreactivity or microvessel density, on the other. Therefore, our results suggest that mechanisms other than angiogenesis are operating in hPTTG1-overexpressing melanomas.
Using phage display screening, Bernal et al 14 identified interaction between securin and p53 in vitro and in vivo. In breast cancer cells, securin blocks the specific binding of p53 on DNA, thereby inhibiting its transcriptional activity and the ability to induce cell death. In a lung tumour cell line, overexpression of both hPTTG1 and TP53 resulted in the downregulation of p53-regulated apoptosis together with the downregulation of the p53-induced expression of downstream genes, including Bax, suggesting that in these cells, hPTTG1 inhibits the function of p53 rather than its expression. In our series of melanomas, nuclear accumulation of p53 was a common finding, although bidirectional DNA sequencing revealed no mutations in codons 7 and 8 of TP53. These findings are in line with those reported in the literature. 40 Our results showed that the number of securin-and p53-positive cells are significantly correlated, and that in some melanomas, overexpression of both proteins occurred in the same neoplastic cells. Although we have no firm in vitro data, we can speculate that, in analogy with other cancers, hPTTG1 overexpression in melanoma modulates the transcriptional activity of p53, resulting in impairment of apoptosis. This oncogenic pathway of p53 inhibition may explain the common finding of nuclear accumulation of p53 without concomitant mutation in malignant melanoma.
In conclusion, we have reported the overexpression of PTTG in the vertical growth phase of malignant melanoma, and suggest a role of this oncogene in the progression of nodular melanoma, either through induction of aneuploidy or through modulation of the function of p53.
